The Cosmology Large Angular Scale Surveyor (CLASS) is an experiment to measure the signature of a gravitationalwave background from inflation in the polarization of the cosmic microwave background (CMB). CLASS is a multi-frequency array of four telescopes operating from a high-altitude site in the Atacama Desert in Chile. CLASS will survey 70% of the sky in four frequency bands centered at 38, 93, 148, and 217 GHz, which are chosen to straddle the Galactic-foreground minimum while avoiding strong atmospheric emission lines. This broad frequency coverage ensures that CLASS can distinguish Galactic emission from the CMB. The sky fraction of the CLASS survey will allow the full shape of the primordial B-mode power spectrum to be characterized, including the signal from reionization at low . Its unique combination of large sky coverage, control of systematic errors, and high sensitivity will allow CLASS to measure or place upper limits on the tensor-to-scalar ratio at a level of r = 0.01 and make a cosmic-variance-limited measurement of the optical depth to the surface of last scattering, τ .
INTRODUCTION
An inflationary phase in the first moments after the Big Bang has been used to explain the remarkable homogeneity, isotropy, and flatness of our universe, as well as the origin of the density perturbations that seeded large-scale structure. Inflationary theories naturally produce a spectrum of nearly scale-invariant, gaussian perturbations that have both a scalar component, which gives rise to perturbations in particle and radiation densities, and a tensor component, producing a gravitational-wave background. Inflation correctly predicted the existence of a slightly red initial spectrum of density perturbations.
THE SEARCH FOR PRIMORDIAL B-MODES
The CMB is a particularly clean probe of the state of the early universe. Approximately 90% of CMB photons were last scattered during a narrow window in time, termed recombination, around 400,000 years after the Big Bang and have free-streamed for the intervening 13.8 billion years. The remaining 10% of photons scattered at late times during reionization, providing additional constraints on the epoch of reionization. Temperature anisotropy is observed in the 2.725 K 7 CMB at an RMS level of 1 part in 100,000, or approximately 50 µK. Observations of the temperature anisotropy are a probe of the density perturbations at decoupling and have been instrumental in placing constraints on parameters of ΛCDM cosmology at the 1% level.
1-4
In addition to temperature anisotropy, the CMB is also faintly polarized at less than 1 part-per-million with roughly 1 µK RMS amplitude. The polarization in the CMB is produced by inverse Thomson scattering, and has been observed by a number of experiments to date. 1, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Both scalar and tensor perturbations produce polarization, but these two sources of CMB polarization can be separated by performing a decomposition into non-local divergence and curl terms, referred to as E-modes and B-modes, respectively. Scalar perturbations only produce E-modes, while tensor modes produce both E-and B-modes. Measuring primordial B-mode polarization in the CMB thus constitutes a detection of inflationary gravitational waves. The expected angular power spectrum of the primordial B-modes is shown in Figure 1 along with the current state of B-mode measurements. The B-mode signal from decoupling is greatest at the "recombination peak" around = 80, which is the targeted angular scale for most ground-based observatories. An even stronger B-mode signal is expected at < 15 from photons scattering off free electrons during reionization. CLASS is designed to capture the full shape of the primordial B-mode power spectrum, including both this "reionization bump" and the recombination peak. CBI, 11 DASI, 12 QUaD, 13 MAXIPOL, 14 QUIET, 15 and WMAP 1 experiments. The measured B-mode spectra from the BICEP2, 5 POLARBEAR, 18 and SPT 17 experiments are also shown with 1-σ error bars. The full-survey, four-frequency CLASS sensitivity is shown in red.
To detect inflationary gravitational waves, experiments must separate primordial B-mode polarization from two other sources of B-modes: gravitational lensing of E-modes into B-modes and polarized Galactic emission from dust and synchrotron sources. The expected lensed B-mode power spectrum is shown as the dashed line in Figure 1 . The lensing signal is expected to peak at smaller angular scales, ∼ 700. From the figure it is clear that even if r = 0.001 the primordial B-modes are observable above the lensed B-modes at the largest angular scales probed by CLASS.
Polarized Galactic foregrounds are a significant contaminant for B-mode experiments and are to date poorly constrained at the levels needed for understanding their effects on the recovery of r. Synchrotron emission from relativistic electrons accelerated by Galactic magnetic fields is the dominant emission at low frequencies with a sharply-falling spectrum with average index around -3 in units of antenna temperature. Polarized thermal emission from dust grains aligned with magnetic fields is dominant for higher frequencies and has an average spectral index around 1.8. Both dust and synchrotron emission show some indication of having varying spectral index on the sky. 19, 20 These two foregrounds reach a minimum around 65 GHz, 21 as indicated by WMAP. 1 Planck has recently released maps of polarized emission for a fraction of the sky, which indicates that dust emission can have polarization fractions up to 18%, particularly in regions with low dust emission intensity. 22 Upcoming data releases from the Planck satellite will provide tighter constraints on the polarization fraction of foregrounds.
Though the Atacama Desert is one of the premier sites in the world for millimeter-wave astronomy, the dominant optical loading and noise source for CLASS is still the atmosphere. A frequency spectrum of the atmosphere is shown in Figure 3 . The strong oxygen and water lines seen there preclude observations except in discrete bands between them. The CLASS experiment will observe in four such bands centered at 38, 93, 148, and 217 GHz. The band edges are chosen to maximize sensitivity to the CMB versus noise from atmospheric loading. The atmospheric loading for a dry atmosphere and a loading per mm precipitable water vapor (PWV) for the CLASS bands are summarized in Table 1 . The loading for the yearly median PWV around 1.3 is estimated to be 0.9, 2.6, 3.8, and 6.6 pW for the 38, 93, 148, and 217 GHz CLASS bands, respectively. These numbers include estimated optical efficiencies for each band.
Additionally, the atmosphere has a complicated and time-dependent structure, consistent with a turbulent layer with inhomogeneously-distributed water vapor with a physical distribution that is roughly consistent with a Kolmogorov model. [23] [24] [25] The atmosphere thus injects low-frequency ("1/f ") correlated noise into detector timestreams. The RMS level of atmospheric fluctuations from this turbulent layer has been estimated to have a mean value of 34 mK at 40 GHz. 23 We can scale this to the other frequency bands using the loading versus PWV estimates in Table 1 , which gives 0.54, 1.73, and 3.73 K RMS fluctuations at 93, 148, and 217 GHz, respectively. This assumes that the same turbulent layer of water vapor is responsible for atmospheric 1/f noise in each band, and that other sources of loading such as oxygen are uniformly distributed.
EXPERIMENTAL STRATEGY
The CLASS experiment is optimized to measure CMB polarization over the angular range where the primordial B-mode signal could dominate over the lensed signal, ∼ 5-100. This makes it capable of verifying the full shape of the B-mode power spectrum, and in particular of capturing the reionization bump at low , which is required for full confirmation of a discovery of inflationary gravitational waves. Additionally, CLASS will have the ability to reject foreground contamination with high fidelity due to its broad frequency coverage that emphasizes measurements surrounding the foreground minimum. CLASS will deploy one Q-band (38 GHz) receiver; two W-band (93 GHz) receivers; and a high-frequency dichroic receiver with two bands centered at 148 and 217 GHz. Hereafter, these instruments will be referred to as the Q, W1, W2, and HF instruments, with HF150 and HF220 referring to the individual bands of the high-frequency instrument when necessary.
To achieve its goals, CLASS must have high sensitivity, control over sources of systematic errors, and stability in its measurement of polarization over long time scales. These requirements drive the design of the CLASS instruments, including their choice of detector technology, low detector base temperature provided by dilution refrigerators, optical layout, fast polarization modulation using a variable-delay polarization modulator (VPM), co-moving ground shield, three-axis (azimuth, elevation, and boresight) mounts, and observing site in the Atacama Desert of Chile.
The four telescopes of CLASS share much of their design in common, allowing early validation of many elements on the Q telescope with the possibility of iteration for later telescopes. Figure 3 : Estimated mean atmospheric brightness temperature (Rayleigh-Jeans) versus frequency for precipitable water vapor (PWV) levels of 0.5, 1.0, and 1.5 mm along with the CLASS bandpasses in blue, for an atmosphere at physical temperature of 250 K. 26 The CLASS bands were chosen to avoid the prominent oxygen and water emission lines. As PWV increases, the broad water line at 183 GHz contaminates the 93, 148, and 217 GHz bands in particular. Median PWV in the Atacama is around 1.3 mm.* of multiple telescopes with a minimum of additional work, as well as mitigating the risk associated with a given design.
Sensitivity
The sensitivity of the CLASS telescopes, summarized in Table 1 , is achieved through a combination of highly efficient and reproducible detectors, high-efficiency optics, choice of W-band-centered frequency coverage, and transition-edge-sensor (TES) bolometers cooled to 70 mK by a dilution refrigerator. The CLASS sensitivity is estimated from a combination of laboratory measurements of detector parameters and physical optics simulations. Three primary sources of noise are considered in estimating the CLASS sensitivity: detector noise, SQUID amplifier noise in the multiplexing readout, and photon noise intrinsic to the measured optical power detected. The CLASS detectors, described in Section 4, achieve optical efficiency between the OMT probes and the transition-edge-sensor (TES) bolometer of 90% at Q band, 27 with similar efficiency expected at the other frequency channels. This high detector efficiency, when combined with high-efficiency optical elements and low cold-stop edge taper, allows the CLASS system to have an estimated 68% system optical efficiency in the Q band and 56% optical efficiency at W band. Table 2 shows the details of the optical efficiency calculation for the Q telescope. An experiment with 70% detector efficiency (40% total efficiency) but otherwise identical to CLASS would be approximately 1/3 less sensitive.
The 70 mK base temperature of the CLASS dilution refrigerator, compared to the 300 mK base temperatures achievable with helium adsorption refrigerators, also reduces detector phonon noise. The bolometer phonon noise scales as n d ∝ T c for a TES superconducting transition temperature, T c . CLASS detectors with T c ∼ 150 mK, compared to 500 mK transition temperatures for adsorption-fridge systems, have approximately 50% lower detector noise. Especially at Q band where total optical loading and noise are low, this decrease in detector noise has a significant impact on total system noise.
Finally, the choice to have two W-band telescopes for CLASS maximizes the CMB-to-foreground ratio at large angular scales. The atmospheric loading at 90 GHz is lower than at 150 GHz, making the per-detector Figure 4 : The CLASS survey covers 70% of the sky. In this map in equatorial coordinates, the CLASS sky coverage is overlaid on a model of the polarized sky at 90 GHz. The green region will be masked for the CMB analysis and includes regions that CLASS will not observe as well as regions of strong Galactic emission. The planned 360
• constant-elevation scans trace out the large red circles on the map. The filled red circle gives the instantaneous field of view of a CLASS telescope.
W-band sensitivity 50% better than at 150 GHz. The combination of this with high optical efficiency and low detector temperature means that a single CLASS W detector can be twice as sensitive to the CMB as a 150 GHz detector with average optical efficiency operating at 300 mK base temperature. Because array sensitivity goes as the detector sensitivity times the square root of the number of detectors, the CLASS W-band telescopes with 259 detector pairs each are equivalent in sensitivity to kilopixel arrays of detector pairs.
Given the estimated detector sensitivities, σ d , in Table 1 , one can calculate projected array sensitivities as
, where α is the average instantaneous fraction of working detectors. Many factors reduce α, including fabrication errors that permanently disable a detector, weather or fabrication variation that reduce the number of detectors that are biased on transition at any one time, and a variety of post-processing detector cuts. We take α to be 90% for the Q array, in which individual detector chips can be screened before assembly in the focal plane, and 80% for the monolithic detector wafers of the W and HF instruments.
A map sensitivity can be calculated from the instantaneous array sensitivity, given an observed area, and total observing time βt, where the observing efficiency β is the fraction of time where the telescope was able to observe. Total observing time is reduced by periods of bad weather and equipment maintenance or repair, as well as cryogenic recycling for many experiments. This last inefficiency is eliminated for CLASS by using continuous dilution refrigerators. We take β to be 50% for all sensitivity calculations.
We assume that the Q and W1 receivers observe for 5 years, the W2 receiver observes for 3.5 years, and the HF receiver observes for 3 years. If we assume that the W1, W2, and HF150 receivers are used for CMB analysis, while the Q and HF220 channels are used for foreground cleaning, the final Q and U map sensitivity, combining all observations, would be 7 µK-arcmin over 70% of the sky. This would be the deepest map of the CMB polarization at large angular scales to date, at least five times deeper than the Planck 143 GHz total survey sensitivity.
Control of Systematic Errors
In measuring small signals in the presence of much larger backgrounds, CMB polarization experiments need to be optimized to allow careful control and estimation of systematic errors. Contaminants to the polarization measurement include instrumental polarization, polarized ground pickup, and far-sidelobe response, as well as intensity-to-polarization leakage from beam asymmetries or imperfections in the VPM. Given that the intensity signal from the atmosphere and the CMB are both orders of magnitude above the polarized signal of interest, these effects need to be controlled carefully. In addition to the many jack-knife tests that can be performed by splitting the data into segments and comparing maps, the CLASS instrument is designed to mitigate systematic uncertainties particularly through its use of the VPM and boresight rotation axis. The VPM modulates celestial polarization but not instrumental polarization, giving the CLASS instrument immunity from contamination from birefringence of dielectrics or polarization induced by reflections. The VPM also provides a means of separating unpolarized atmospheric emission from CMB polarization, reducing the most significant source of 1/f noise in the detector timestreams. This is critical in recovering large-scale CMB polarization from the ground. Additionally, the VPM provides a measurement of circular polarization. Because the CMB is not expected to be circularly polarized, this allows the V maps from CLASS, which should be null maps, to be powerful constraints on systematic uncertainties. Finally, the boresight-rotation axis allows the polarization angles of the CLASS instrument to be changed relative to the horizon, and will allow discrimination of polarization from ground pickup versus celestial polarization.
Simulations
To probe the ability of CLASS to recover r in the presence of systematic errors, we have performed end-to-end simulations of CLASS observations incorporating various systematic effects that may contaminate the recovered CMB polarization angular power spectra. Simulated detector timestreams are generated for CLASS scanning a simulated CMB sky, with noise and systematic errors injected into the timestreams. The recovered maps can then be compared to the input maps to estimate the level of systematic errors for CLASS. Effects included in the modeling are errors in the assumed VPM transfer function from misalignment of the VPM and detector axes, temperature variation of the VPM, and detector gain variation. In the simulations, CLASS was made to scan the sky at constant elevation in large circles as in Figure 4 with boresight rotation executed daily by 15
• . We found that by properly modeling each of these effects, one can recover high-fidelity maps of the Stokes Q and U parameters across 70% of the sky. The resulting power spectra are free of systematics at a level more than two orders of magnitude below a B-mode signal for r = 0.01. This will be treated in detail in an upcoming publication. (N. Miller, et al., 2014, in preparation) We continue to investigate other possible sources of systematic error, including a modulated VPM emission waveform from the maps. For more details of the VPM transfer functions, see Section 7.
Scan Strategy
The CLASS nominal observing strategy is to perform constant-elevation scans over 360
• in azimuth at a speed ∼ 1
• per second. This scan strategy covers roughly 70% of the sky every day, with the exception of an avoidance region around the sun. Boresight rotation will be performed once per day at approximately 15
• increments to change the polarization direction on the sky from day to day. This is important in separating out polarized ground pickup from celestial polarization. Figure 4 shows the resulting sky coverage achievable with such scans at a boresight elevation of 45
• , along with a likely Galactic mask for the CMB analysis. Observing from norther Chile at a latitude of −23
• is important for enabling coverage of such a large fraction of the sky. Observations from the South Pole at 45
• elevation can only cover approximately 25% of the sky, and would not be capable of capturing the reionization bump at low .
Foreground removal
Given an estimated final map noise, we can simulate the likelihood of detecting B-modes in the presence of synchrotron and dust foregrounds, as well as a Galactic mask. We use a pixel-based likelihood to simultaneously fit for foreground amplitudes and spectral indices, along with a foreground-cleaned map. 28, 29 The exact likelihood encodes all covariance between E-and B-modes (including effects of the survey boundary and Galactic mask), so misestimation of B-modes due to "E-B mixing" is not an issue. We have done a Markov Chain Monte Carlo analysis for realizations of the CMB cut by our Galactic mask for various input values of r and map noise in the range 5-20 µK-arcmin expected for CLASS. This can be computed efficiently for low ; our analysis has thus far focused on < 23.
We assume only CLASS data is used in the foreground removal, though external data sets could be incorporated if needed. The Q map is used to clean synchrotron and the HF220 map is used to clean dust. The W1, W2, and HF150 maps are the primary CMB maps. Template-based foreground removal adds noise to the cleaned map in proportion to the input map's noise referenced to the central frequency through the relevant spectral index (∼ −3 for synchrotron and ∼ 1.8 for dust). The scaling from the Q and HF220 channels to the CMB channel is taken to be 0.07, and 0.10, respectively. Given the survey sensitivities expected from Table 1 , the final cleaned CMB maps are estimated to have noise on the order of 10 µK-arcmin.
These simulations, to be presented in more detail in an upcoming paper, 30 show that CLASS can recover r = 0.01 at 95% confidence in the presence of foregrounds with the estimated final map noise of 10 µK-arcmin. The inclusion of varying spectral indices for dust and synchrotron will degrade this performance, while the inclusion of higher modes in the analysis will tighten constraints. An upcoming publication will detail the CLASS foreground removal simulations. (D. Watts, et al., 2014, in preparation)
DETECTORS
The detectors for all CLASS receivers are produced at the Goddard Space Flight Center (GSFC). 31 They are feedhorn-coupled, transition-edge-sensor (TES) bolometers, which use a planar membrane ortho-mode transducer 1 Figure 5 : The CLASS telescopes share a common design, with cold refractive optics inside the receiver and warm reflective optics outside. The VPM is the first element that light hits from the sky, modulating celestial polarization but not instrumental polarization. Colored lines show the optical path for four rays converging on four locations in the Q-band telescope. The locations of important optical components and the focal plane are pointed out in the figure. A photograph of a detector and a scanning-electron-microscope image of a Q-band TES are shown in the inset. A zoom-in shows the short, 10µm-wide bolometer leg that determines the thermal conductance to the TES island.
(OMT) at the base of the feedhorn waveguide to couple two orthogonal linear polarizations over microstrip transmission lines to separate TES bolometers. The low base temperature and high efficiency of the CLASS detectors provides high per-pixel sensitivity. The TES detectors, operating from a base temperature around 70 mK, provided by a dilution refrigerator (see Section 5), have superconducting transition temperatures around 150 mK. This low base temperature means that the CLASS detectors have extremely low noise, making them fully background-limited at all but the Q band, where optical loading from the atmosphere is particularly low.
156 mK 70 mK 10 mΩ 250 µΩ 184 pW/K 6.8 pW 11 aW √ s Table 3 : Q-band detector parameters, measured in test setups at JHU and GSFC and described in greater detail in companion proceedings.
32, 33
The design and performance of the detectors and their implementation in the Q-band focal plane are described in greater detail elsewhere in these proceedings. 32, 33 Key parameters for the Q-band detectors are summarized in Table 3 . These detectors have been measured to have typical noise levels of 11 aW √ s. The bolometers are voltage biased by a ∼ 250 µΩ shunt resistor and noise-bandwidth limited by a Nyquist inductor of ∼ 310 nH. They are time-division multiplexed using superconducting quantum interference device (SQUID) amplifiers made at the National Institute of Standards and Technology (NIST) in Boulder, CO. A series array of SQUIDs at 4 K provides the final amplification of the signal before it is sent to room-temperature electronics. The warm readout Multi-Channel Electronics (MCE) 34 that perform the multiplexing have been successfully operated in the field by a number of other experiments.
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CRYOGENIC RECEIVERS
The four identical cryogenic receivers for CLASS were made by BlueFors Cryogenics.
* They are pulse-tube-cooled, dilution refrigerators that provide 60 K, 4 K, 1 K, and 70 mK cold stages, with a 46 cm vacuum-window aperture. This large aperture, combined with the 70 mK temperature of the focal plane, requires careful control of loading from thermal radiation and the development of techniques for producing large-diameter, millimeter-wave optics. The CLASS dilution-refrigerator receivers use a 3 He/ 4 He mixture to provide greater than 300 µW of cooling power for the focal plane at 70 mK, along with 10 mW of cooling power at the 1 K stage. BlueFors custom designed the CLASS cryostats with the ability to be operated horizontally and with long radiation shields to provide a large 4 K volume to allow the second lens in the system to be placed at 4 K. We worked closely with BlueFors to develop their first dilution refrigerator for an astronomical application.
Due to the use of SQUID amplifiers in the detector readout chain the CLASS instrument is sensitive to magnetic fields. Additionally the transition temperature of the TES bolometers is sensitive to magnetic field. The magnetic field of the Earth and magnetic noise from the mount servo motors and other nearby electronics need to be reduced by a factor of at least ∼ 100 to avoid excessive scan-synchronous pickup and noise in the SQUIDs. The receivers incorporate two layers of high-µ magnetic shielding † . The first magnetic shield runs most of the length of the 4 K radiation shield. The second shield is placed closely around the focal plane at 100 mK. Together these shields are estimated to provide a factor of 150 shielding at the focal plane. Additional magnetic shielding is provided by a niobium box around the series array and niobium sheets above and below the SQUID multiplexing chips in the focal plane.
OPTICAL DESIGN
The CLASS telescopes use a combination of warm reflective and cold refractive optics to form beams on the sky with low cross-polarization leakage and minimal warm beam spill. 39 The first optical element in the telescope is the fast polarization modulator, the VPM, ensuring that instrument polarization is not modulated and making CLASS relatively insensitive to possible sources of systematic errors such as lens birefringence. Primary and secondary reflectors, each approximately 1.5 m in diameter, re-image the VPM onto a 4K cold aperture stop inside the receiver. An ultra-high molecular weight (UHMWPE) window provides high throughput in the observing band while holding vacuum in the receiver cryostat. Infrared-blocking filters inside the receiver reject thermal loading from the ambient-temperature surroundings.
The cold aperture stop allows controlled illumination, in the time-reversed sense, of the warm optics, reducing loading from warm beam spill and controlling illumination on the VPM. Two high-density polyethylene (HDPE) lenses, one at 4 K and the second at 1K, focus light onto the focal plane. Smooth-walled copper feedhorns provide single-mode illumination of the detector ortho-mode transducer (OMT), which carries power to the TES bolometers. The layout of the Q-band telescope, with a ray-tracing, is shown in Figure 5 . The W-band telescope will have identical warm optics, with changes to the shape of the HDPE lenses to accommodate a faster feedhorn design. The HF instrument will have silicon lenses with simulated dielectric anti-reflection (AR) layers cut into them. 40 
Feedhorn antennas
The CLASS Q-and W-band receivers use novel wide-bandwidth, smooth-walled feedhorns directly machined from oxygen-free high-conductivity (OFHC) copper. The smooth-walled design significantly reduces the complexity and cost of producing the feeds, which is particularly important for the W-band receivers where a total of 518 individually-machined feedhorns are required. The design of the feedhorns was optimized using custom code that solved the boundary conditions for EM waves in concentric cylindrical waveguide sections, with a TE 11 circular waveguide mode input at the base of the feedhorn.
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Prototypes were made of the Q and W feedhorn designs and the beam pattern was measured in the Goddard Electromagnetic Anechoic Chamber (GEMAC). The measured beams matched the model to within 2% over the region ±14
• not truncated by the cold aperture stop, for both cases. (c) Band-averaged beams measured for the W-band prototype feedhorn. As with the Q-band feed, the measured and modeled beams agree to within 2%. The W-band feed has a beam with 18.7
• FWHM.
beams for the two feedhorns. The Q-band feeds have a band-averaged 14.0
• beam FWHM. The W-band feeds were designed for closer packing to accommodate more detectors per 100 mm wafer, with the result that the feedhorn has a wider, 18.7
• FWHM, beam than at Q band. The Q-band feeds have all been made and are ready for installation in the focal plane. The W-band feeds are in production.
Cryogenic lenses
CLASS employs cryogenic lenses in all its frequency channels. HDPE was chosen for the Q-and W-band CLASS lenses because it is easily machined, has low millimeter-wave loss, and is readily anti-reflection coated. Literature values 42, 43 for HDPE give its index of refraction as n = 1.53 at room temperature. HDPE contracts by approximately 2% when cooled to 1 or 4 K, which leads to a shift in the index to an estimated n = 1.56. At approximately 5 cm thick, each lens attenuates ∼1% over the Q band and ∼3% over the W band. The HF instrument will have lenses made of silicon with AR layers cut into them with a dicing saw, 40 as the loss through thick HDPE becomes prohibitive at the higher frequencies. Due to its high index of refraction, silicon lenses can be made thinner for lower in-band loss. The first lens is mounted from the 1 K stage of the cryogenic receiver, while the second lens is mounted on the 4 K stage. Because they are cold, the HDPE lenses add negligible additional optical loading to the detectors.
The HDPE lenses for CLASS are machined on a CNC mill at JHU. The same mill is used to machine a simulated-dielectric AR layer. The AR layer is an array of cylindrical holes machined into the surface of the lens in a square grid to create an effective dielectric with an index of refraction n ∼ 1.25 that is λ/4n thick. The Q-band AR layers are made of holes 1.54 mm in diameter drilled 1.63 mm deep on a grid spacing of 1.836 mm. This is modeled to give 0.16% band-averaged reflection. The two Q-band lenses will have approximately 0.7% band-averaged absorption. The W-band AR layers are made of holes 0.81 mm in diameter drilled 0.67 mm deep with a grid spacing of 0.96 mm. This is modeled to give band-averaged reflection of 0.2% and absorption of 1.6% for both lenses combined. The depth of the holes does not correspond to exactly λ/(4n) because the drill bits have a tapered end. This has been modeled as a two-layer AR coating with the hole depth as a free parameter.
In order to relieve stresses in the HDPE that could deform the lenses, the HDPE lenses will be annealed, then rough-cut, then annealed a second time before the final lens surfaces are cut. During annealing, the material temperature is raised to 120
• C over the course of 4 hours, left there for 48 hours, and then cooled to room temperature over 48 hours.
Infrared-blocking filters
Nearly 40 W of infrared power is expected to be incident on the receiver vacuum window from the surrounding ambient-temperature enclosure. This power needs to be reduced to no more than 100 µW by the 70 mK stage where the focal plane resides. This means the IR power needs to be cut by a factor of 400,000, while negligibly reducing in-band power. The maximum power that can be dissipated on the ends of the 4 K and 60 K radiation shields is 0.5 W and 9 W, respectively. This requires that 75% of incident IR power be reflected out of the receiver cryostat immediately, while the remainder can be absorbed and conducted out of the 60 K radiation shield. Only a small fraction can be conducted away by the 4 K radiation shield.
Metal-mesh filters (MMF) are used by CLASS to reflect away IR power. The CLASS MMF were produced in part by photolithography of 6 µm mylar film coated with 300-500Å of aluminum.
‡ . The remainder of the MMF are fabricated by laser delamination of aluminized 12.6 µm polypropylene (PP) film.
§ The use of PP instead of mylar reduces in-band loading, especially for the HF instrument. Additionally, the laser delamination process can produce cut line widths in the aluminum as narrow as 25 µm, compared to 40 µm for the photolithographicallyproduced filters. As can be clearly seen in Figure 7b , this translates into lower transmission at high frequencies, where the capacitive grid no longer resonates, but rather transmits approximately in proportion to empty area in the grid pattern. HFSS ¶ modeling and spectrometer measurements bare out this conclusion. The in-band and IR transmission of the metal-mesh filters for CLASS have been validated in spectrometers at JHU. ‡ Performed by Tech-Etch, Inc., 45 The spectrum of a selection of CLASS MMF are shown in Figure 7b . In that figure, one can see common characteristics of these filters. At low frequencies, the square elements in the capacitive grid are too small compared with a wavelength to efficiently couple to the incoming radiation. This ensures that the MMF are highly transmissive at millimeter wavelengths. As the wavelength approaches the size of the grid elements, transmission falls steeply until a resonance is reached in which nearly all radiation is reflected. At high enough frequencies the grids transmit roughly in proportion to the empty area in the grid pattern.
After two MMF reflect away a majority of power at the vacuum window itself, a filter stack at 60 K reduces the remaining power below the 0.5 W allowed to transmit to the 4 K stage of the receiver. This 60 K filter stack consists of two PTFE filters, each 12 mm thick and AR coated using a simulated-dielectric technique like that used for the lenses. Above, below, and in between the PTFE filters are a pair of MMF. A filter testbed has been made to validate the 60 K filter design. This testbed consists of a 40-cm aluminum plate with absorber tiles epoxied onto the top of it. The plate is then thermally isolated from a liquid-nitrogen (LN2) cooled baseplate by thin Z-shaped supports made of stainless steel. This provides a weak thermal link to the LN2 bath. A diode thermometer reads the temperature of the baseplate, which is proportional to power incident on the absorber tiles. The filter stack is placed above the absorber, blocking the 300K radiation of the cavity around it. With this testbed, the 60 K filter stack for CLASS has been shown to allow no more than 0.5 W of power through. This is an upper limit on the power transmitted through the filter stack, as the LN2 bath only cools the edge of the filter stack to 85 K, instead of the 60 K provided by the receiver cryostat.
Additional thermal filters will be placed at the 4 K stage to reduce power to the 1 K and 70 mK stages. This will consist of one additional 12-cm PTFE filter and four MMF. A final nylon filter at 1 K will provide thermal filtering below 1 THz if necessary. This may be required because PTFE does not efficiently absorb below 1 THz.
Vacuum window
The vacuum window for CLASS needs to provide high in-band transmission while holding vacuum over the 46-cm aperture of the CLASS receivers. The CLASS windows are made of 4.8-mm-thick, ultra-high molecular weight polyethylene (UHMWPE) and will be AR coated with porous PTFE. The PTFE will be heat pressed onto the UHMWPE using a thin film of low-density polyethylene (LDPE). A two-layer AR coating is used to provide wide-bandwidth performance for the HF instrument. A prototype window has passed vacuum tests and was shown to bow approximately 6.4 cm at atmospheric pressure. The pressure at the high-altitude site is approximately half of standard atmospheric pressure, meaning the window should bow less under observing conditions. Monitoring of the window for an extended period showed that creep in the material stopped after approximately one week. The UHMWPE window for CLASS is expected to introduce 0.2% absorption and 0.15% reflection averaged across the Q band, and 0.45% absorption and 0.2% reflection averaged across the W band.
Primary and secondary reflectors
The 1.5-meter primary and secondary reflectors for the CLASS Q and W telescopes have been machined out of monolithic slabs of aluminum using a large CNC mill. Figure 8a shows a photograph of a completed secondary reflector. The reflectors are ∼ 10 cm thick, with significant light-weighting of the back, leaving a series of 5-mm-thick ribs for stiffness, leaving the reflector aluminum 3 mm thick in between the ribs. Both mirrors are off-axis ellipsoids. For the exact geometry, refer to a previous publication.
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The reflectors are oversized for the resolution of the telescope to minimize warm beam spill, reducing loading on the detectors and sources of instrumental polarization from uncontrolled surfaces. This keeps the estimated warm spill below 0.5% and 0.4% for the Q and W telescopes, respectively. A set of three leaf springs are mounted on the back of each reflector and connect the reflector to the telescope structure while allowing adjustment of the reflectors.
Co-moving ground shield
As shown in Figure 2b , the receiver and the warm, reflective optics are enclosed in a co-moving ground shield. This (1) ensures that warm beam spill falls on stable surfaces, greatly reducing ground pickup and far-sidelobe response to sources of strong emission, particularly the sun; (2) provides a clean environment for the VPM and fP/ al other optics, keeping dust and snow from accumulating on them; and (3) allows for temperature control of the warm optics as a means of reducing 1/f noise in the detector timestreams.
The co-moving ground shield is made of a frame of aluminum beams with a skin of aluminum honeycomb panels bolted onto it. The panels are sealed at their edges. The inside of the ground shield and the warm optics is thermally regulated to reduce 1/f noise from thermal drift in the optics and provide a stable temperature for any warm beam spill.
VARIABLE-DELAY POLARIZATION MODULATORS (VPMS)
The use of fast polarization modulation is crucial in allowing CLASS to recover large-angular-scale modes on the sky, because it separates the polarized signal of interest from the total sky brightness and the associated 1/f noise from the atmosphere. Such fast modulation was an integral component of coherent detector arrays 12, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and has been demonstrated with good success on other bolometric instruments, notably with the Atacama B-Mode Search (ABS), 55 which employs a warm, continuously-rotating half-wave plate (HWP) as a modulator.
The variable-delay polarization modulator (VPM) [56] [57] [58] technology that will be used by CLASS differs from other modulation techniques in a few key ways. It uses only reflective optical elements, allowing its use at ambient temperature without the sensitivity hit associated with a warm HWP or other dielectric element. This greatly facilitates its placement as the first optical element in the system, which is desirable for the separation of celestial from instrumental polarization. Additionally, it modulates Q to V Stokes parameters, and vice versa. Because there is not expected to be V polarization in the CMB or from the Galaxy at large angular scales, the VPM provides a valuable null channel for systematics checks.
Each CLASS VPM, see Figure 8b , consists of a wire array backed by a lightweight aluminum honeycomb mirror. During modulation, the wire array remains fixed and the mirror translates towards and away from the array sinusoidally at 10 Hz while remaining parallel to it. The amplitude of the modulation is optimized for each CLASS band with the maximum throw of 1. spring steel was selected as the strap material to decrease the risk of fatigue failure over the ∼ 10 9 cycles expected during the life of the CLASS survey. Each of the straps is located by pins and bolted into a stainless steel fixture to precisely locate the rotation axis of the rotary joint. The natural frequency of the mirror-flexure system is tuned to be near the 10 Hz modulation frequency.
An analogous flexure system will operate 90
• out of phase of the primary flexure to cancel the reactive forces and minimize vibrational coupling to the telescope. Each flexure is actuated by a linear voice coil. Closed-loop control of the modulation is achieved by measuring both the mirror position and the reaction canceling flexure position with linear encoders * * and fed back through a control system to precisely maintain sinusoidal movement. A set of three of the same linear encoders are positioned around the rear face of the mirror to monitor residual tip and tilt motion, and they are read out synchronously with the detectors at 200 Hz for subsequent demodulation of the polarization signal.
The wire grid itself consists of nearly 3900 copper plated tungsten wires, 50.8 µm in diameter, regularly spaced at 159.5 µm. The ends of the wires are fixed with Stycast 2850 to bars running the width of the wire array. Uniform wire spacing is ensured by placing each wire into a groove cut into these bars. This fully-strung wire array is tensioned via coil springs between support bars with an I-beam cross-section. Each wire is tensioned to ∼2.2 N, 30% of its breaking strength, delivering a total of 8470 N load to the support bars. To limit overall deflection, the outer portion of the support beam is catenary shaped with both the inner and outer arching surfaces specified as a compromise between packaging the VPM within the support structure and minimizing deflection under the load. The plane of the wires is defined by a separate, optically-flat, 60 cm clear aperture ring gently pressed against the wire array. Micrometer adjusters allow the plane of the wires, defined by the flattening ring, to be aligned parallel to the movable mirror.
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The wire array, flattening ring, and flexure assembly are each kinematically mounted to a stiff aluminum weldment frame. The entire VPM assembly mounts through three pivot joints on this weldment frame to the rest of the telescope structure allowing for adjustment of the final direction of the telescope pointing. Lightweight paneling encloses the VPM structure -opening only on the mirror side of the VPM -and the temperature of the system is controlled to ensure stable performance of the electronics and the encoders while simultaneously stabilizing the transfer function of the VPM.
This transfer function for the VPM, averaged over the 33-43 GHz Q band, for input unpolarized, linearlypolarized, and circularly-polarized radiation with unity power is shown in Figure 9b . Q and V are modulated at high efficiency out of phase with one another, allowing easy separation of linearly-and circulary-polarized light. The sinusoidal waveform of the VPM mirror motion goes between the edges of the gray region at approximately 10 Hz. Because the mirror motion spends more time proportionally at the ends of its range of motion, which are chosen to be points of maximum Q signal, the VPM modulation efficiency to Q is 85%, instead of the 50% one would get with equal time spent on Q and V. Note that the unpolarized (black) transfer function has been multiplied by a factor of 1000 to make it visible on the same scale as the Q and V input transfer functions. Input U, corresponding to polarization at ±45
• to the wire grid, is not modulated by the VPM.
MOUNTS AND ATACAMA SITE
CLASS will employ two altazimuth mounts with a third, boresight, axis of rotation to allow regular rotation of the polarization direction of the detectors relative to the sky. The mounts are being outfitted and tested in a high bay at JHU, where full system integration will take place before the telescope is shipped to Chile. The mounts have 1800 lb capacity and are capable of 5
• /s slew speeds maintaining 2 pointing accuracy under continuous winds of 13 m/s gusting to 20 m/s. A platform that rotates with azimuth houses the gas-handling systems for the receivers, mount servo system electronics and power distribution, pulse-tube helium compressors, and housekeeping electronics.
Site construction will commence later this year, including installation of the pedestal foundations, generator buildings, radio link to the neighboring town of San Pedro de Atacama, and wiring conduit. The CLASS site is near the Atacama B-Mode Search (ABS), Atacama Cosmology Telescope (ACT), and Polarbear sites on Cerro Toco at an altitude of approximately 5140 m. Power for the site will be provided by diesel generators. The site will have work areas and laboratories made from shipping containers, including a receiver-assembly lab, a control and operations container, and a machine shop.
Q-BAND RECEIVER
The assembly and testing of the Q-band (40 GHz) receiver are well under way, with deployment to the Atacama Desert of Chile expected in early 2015. Many components are already fabricated and validated, while others are in advanced stages of design. Most of these elements were discussed in previous sections. The system was designed for high efficiency between the detector and the sky. It is expected that 68% of the photons incident on the detector come from the sky. Keeping this system efficiency, α s , high is important, because array sensitivity scales as α s √ N det . Thus, one gains array sensitivity faster by increasing individual detector efficiency than by increasing the number of detectors; the Q-band CLASS telescope can be quite sensitive with just 36 feedhorn-coupled bolometer pairs. The high system efficiency of the Q-band telescope is achieved through the use of a cold aperture stop at 4 K that controls the beam spill on warmer elements, which is additionally helped by the use of over-sized primary and secondary reflectors. Table 2 shows expected efficiencies and beam spill percentages on an element-by-element basis for the Q-band telescope. See a previous paper for details of the Q-band optical design.
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The unique element of the Q-band telescope compared to other frequency channels is the focal-plane design, which is one of the few aspects of the CLASS design that is not shared between frequency channels. A photograph of the Q-band focal plane is shown in Figure 10a . For this channel, 36 individual polarization-sensitive detector chips are mounted onto a monolithic gold-plated copper baseplate. This baseplate provides an interface between the feedhorns and the detector ortho-mode transducer (OMT), providing a transition from the circular waveguide at the base of the feedhorn and the square waveguide at the OMT. There is additionally a photonic-choke structure machined on the detector side of the baseplate, which combined with a metalized "choke chip" under the detector chip minimizes signal loss between the baseplate waveguide and the detector OMT. 59 A novel spring-clip design presses the detector chip against the photonic choke of the baseplate and registers the detector OMT to the baseplate waveguide using a titanium (Ti-6Al-4V) wire as the spring element. More details are given elsewhere in these proceedings. 32 
W-BAND RECEIVER
The W-band telescopes are similar to their Q-band counterparts with the exception of the focal plane and the details of the anti-reflection coating of the refractive optics and filters. The W-band focal plane architecture for CLASS employs baseplates made of an Al-Si alloy † † with a coefficient of thermal expansion (CTE) that is a closer match with that of the detector silicon than a copper or aluminum baseplate would be. This enables the ∼100mm silicon wafers with 37 W-band detectors to be mounted directly to the Al-Si with simple spring-loaded clips. The 37-element wafers for CLASS will be assembled into interchangeable modules. Seven modules will be assembled into the focal plane for each of the two 90 GHz receivers, for a total of 259 detector pairs per receiver. Modules to test the fully integrated W-band detector wafers are currently in fabrication. Smooth-walled copper feeds for W-band are also being fabricated. As described in Section 6.1, a prototype W-band feed had its beam profile measured and was found to be within specifications. Some details of the W-band monolithic detector wafer design is presented elsewhere in these proceedings. 33 
CONCLUSION
We have described the Cosmology Large Angular Scale Surveyor (CLASS), a novel ground-based experiment for detecting the signature of inflationary gravitational waves through their impact on the polarization of the CMB. CLASS will map 70% of the sky in four frequency bands centered on 38, 93, 148, and 217 GHz that straddle the Galactic foreground minimum and the CMB maximum. CLASS will be able to constrain the tensor-to-scalar ratio at a level of r = 0.01 in the presence of polarized Galactic foreground emission. This is achieved through a system design that maximizes per-pixel detector sensitivity and is optimized for control of systematic errors. The ability of CLASS to make high-fidelity measurements of CMB polarization at the largest angular scales from a ground-based platform is enabled by the use of 10 Hz polarization modulation using variable-delay polarization modulators (VPMs). End-to-end simulations demonstrate our ability to recover Stokes Q and U at low in the presence of a variety of systematic errors and sources of 1/f noise.
CLASS will search for B-mode polarization in the CMB over the entire range of angular scales of interest for detecting inflationary gravitational waves, from the reionization bump at < 10 to the recombination peak at ∼ 80. This is essential for verification of any primordial B-mode detection, and coupled with the ability of CLASS to discriminate CMB from Galactic foregrounds, will allow CLASS to put tight constraints on r. Additionally, CLASS will make a cosmic-variance-limited measurement of E-mode polarization up to ∼ 100, allowing the tightest constraints on the redshift of reionization from the CMB to date.
